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ABSTRACT
Detailed observations of gaps in protoplanetary disks have revealed structures that drive current research on
circumstellar disks. One such feature is the two intensity nulls seen along the outer disk of the HD 142527
system, which are particularly well traced in polarized differential imaging. Here we propose that these are
shadows cast by the inner disk. The inner and outer disk are thick, in terms of the unit-opacity surface in H-
band, so that the shape and orientation of the shadows inform on the three-dimensional structure of the system.
Radiative transfer predictions on a parametric disk model allow us to conclude that the relative inclination
between the inner and outer disks is 70±5 deg. This finding taps the potential of high-contrast imaging of
circumstellar disks, and bears consequences on the gas dynamics of gapped disks, as well as on the physical
conditions in the shadowed regions.
Subject headings: protoplanetary disks: general stars: individual(HD 142527)
1. INTRODUCTION
The study of planet formation is rapidly being revolution-
ized by observational breakthroughs, such as the direct im-
ages of protoplanetary gaps in near-infrared scattered light.
A particularly interesting target is the Herbig Ae/Be star
HD 142527, at a distance of ∼140 pc. The disk surround-
ing HD 142527 boasts the largest inner cavity known, with
a 1′′ radius and seen at a close to face-on orientation, with
an inclination of about 24 deg (Fukagawa et al. 2006; Fuji-
wara et al. 2006). Improvements in Ks-band coronagraphy
revealed fine structure in the outer disk, including two intrigu-
ing intensity nulls (Casassus et al. 2012) that break the con-
tinuity of the outer disk. In this Letter we propose that these
are shadows cast by a warped inner disk.
Recent polarized differential imaging (PDI) of HD 142527
at H- and Ks-bands revealed a striking view of its dust-
depleted gap, outer disk and spiral structures (Canovas et al.
2013; Avenhaus et al. 2014; Rodigas et al. 2014). These H-
band polarized intensity images outline the outer-disk nulls
with the best available detail thus far. One null is found
∼11.5h (North of the star), and the other is found at 7h
(South). The Northern null is particularly puzzling as it co-
incides with the location of the dust density peak, whose spa-
tial distribution is shaped into a large crescent (Ohashi 2008;
Casassus et al. 2013b; Fukagawa et al. 2013). Thus the North-
ern null cannot be interpreted as a lack of material.
As witnessed by a bright thermal IR central point source,
well in excess of the photospheric emission, the large dust-
depleted cavity of the HD 142527 disk is in fact a gap (Fuji-
wara et al. 2006; Verhoeff et al. 2011; Rameau et al. 2012).
While knowledge of the outer edge of the gap is limited by
theory rather than observational detail, the inner regions of
the gap are poorly resolved. A ∼ 10−7 M yr−1 stellar ac-
cretion rate (Garcia Lopez et al. 2006) would quickly deplete
the inner disk, whose dust mass is estimated at ∼ 10−9 M
(Verhoeff et al. 2011). This inner disk can be thought of as
a transient feature of stellar accretion: it is the convergence
point of matter being accreted from the mass reservoir in the
outer disk (Casassus et al. 2013b,a; Casassus 2015a). Long-
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baseline optical interferometry (VLTI) has resolved this inner
disk, and found it to be highly crystalline (van Boekel et al.
2004) —but its orientation and extent remain elusive.
Motivated by our research on the intra-cavity gas kinemat-
ics (Casassus et al. 2013a; Casassus 2015a) we considered the
possibility of a continuous warp linking different orientations
between the outer and inner disks. The underlying parametric
disk model is documented in Section 2, along with the radia-
tive transfer setup we implemented to calculate the emergent
specific intensity fields. Our results are presented in Sec. 3.
While the inner disk intercepts stellar light, shadows are cast
on the outer disk such that their shape and orientation are sen-
sitive measures of the inner disk orientation. We briefly con-
sider the consequences of this finding in Sec. 4.
2. PARAMETRIC MODELING
2.1. Underlying physical structure
We constructed a synthetic model of HD 142527 inspired
by multiwavelength observations and gas kinematics, and de-
tailed enough to provide a comparison point with the near-IR
scattered light images as well as the radio continuum emis-
sion and gas kinematics. As explained in a companion paper
(Casassus 2015b), this synthetic model matches the observed
spectral energy distribution (SED). Here we document the as-
pects of the model that are relevant to this report on the H-
band images.
The model consists of a star at the center of a dusty disk sep-
arated in 3 zones with different density structures, dust grain
size distributions and compositions: an inner disk, a gap and
an outer disk. A schematic render of the model is provided
in Figure 1. We model the star using a Kurucz template spec-
trum (Castelli & Kurucz 2003) at a temperature of 7750 K and
with a radius of 3.3 R, to be consistent with the extinction
of AR = 1.3± 0.3 reported in Close et al. (2014).
The inner disk starts at 0.3 au and cuts off at 10.0 au. It is
described by a surface density proportional to r−1 and a scale
height of 1.0 au at 10 au with a flaring exponent of 1.1. It is
composed of amorphous carbon and silicate grains with sizes
between 0.1 to 2.5 µm, with a total dust mass of 5.0×10−9
M. We introduce an inclination of α=70◦ to this region with
respect to the outer disk midplane.
ar
X
iv
:1
41
2.
46
32
v2
  [
as
tro
-p
h.E
P]
  1
6 D
ec
 20
14
2 Marino, Perez & Casassus
The gap spans 120 au from 10.0 au. It is described by a
surface density proportional to r−1 and a scale height of 18
au at 100 au with a flaring exponent of 1.6. It is composed of
amorphous carbon and silicate grains with sizes between 1.0
to 10.0 µm. The total dust mass of this section is 1.0×10−8
M. The disk in this section connects the inner and outer re-
gions varying the inclination linearly from 70◦ to 0◦ between
10 and 15 au, where it matches the outer disk orientation. A
larger warp would have been obvious in the 12CO kinematics
inside the gap (Perez et al. 2014), with a concomitantly larger
region where the inclination crosses the plane of the sky.
Finally, the outer disk extends over 115 au to 300 au with a
rounded disk wall between 115 to 140 au. It is composed of
3.0×10−6 M of amorphous carbon grains with sizes rang-
ing from 1 to 10 µm and 1.0×10−2 M of silicate grains with
sizes ranging from 100 µm to 5 cm. The dust masses inferred
in our models are biased by the lack of grain porosity. The re-
sulting dust masses are also directly affected by uncertainties
on the internal densities.
We assume that the small grains that account for the bulk
of the near-IR opacity approximately follow the gas back-
ground, and we define an axisymmetric gas distribution with
a rounded disk wall (Mulders et al. 2013; Lubow & D’Angelo
2006) described by the following surface density:
Σ¯g(r < rc) = Σc
(
r
rc
)−γ
exp
[
−
(
1− r/rc
w
)3]
, (1)
Σ¯g(r ≥ rc) = Σc
(
r
rc
)−γ
, (2)
where γ = 6, w = 0.1 and rc = 148.0 au. Then we modulate
this distribution to create a maximum gas pressure in azimuth,
which is described by the following equations:
Σg(r, φ) = Σ¯g(r)
[
1 +A(r) sin
(
φ+
pi
2
)]
, (3)
A(r) =
c− 1
c+ 1
exp
[
− (r −Rs)
2
2H2
]
, (4)
withRs = 148 au and where the azimuthal contrast in surface
density is set to c = 10.0. The volume density follows with a
standard vertical Gaussian distribution:
ρg(r, z, φ) =
Σg(r, φ)√
2piH
exp
[
− z
2
2H2
]
, (5)
with H(r) = 20.0 (r/(130 au))1.17. The exact value of this
flaring exponent is not well constrained.
This parametric model also includes the effect of dust trap-
ping, following the procedure described in Birnstiel et al.
(2013) and Pinilla et al. (2012). However, the bulk of the
opacity in H-band is driven by particles well below the sizes
required for efficient aerodynamic coupling, and so the effects
of dust trapping in the outer disk are not relevant to this report.
The runs detailed in Sec. 3 confirm that the outer disk is opti-
cally thick at H-band and that the scattered light does not trace
the crescent shape seen in the submm.
2.1.1. Emergent intensities
We use RADMC3D1 for radiative transfer computations
(version 0.38, Dullemond et al. 2014). Scattering and polar-
ization for last scattering are treated with scattering matrices
1 http://www.ita.uni-heidelberg.de/ dullemond/software/radmc-3d/
FIG. 1.— Schematic view with arbitrary orientation of the parametric
model presented in Sec. 2. The central star is placed at the origin. The outer
disk lies in the x-y plane. The angle α is the relative inclination between the
midplane of the outer disk and the plane of the inner disk. The dust mass
density distribution of the inner disk and outer disk sections are rendered in
false color. The gap is shown devoid of material for simplicity. The inner
disk is scaled up in size and density for better visualization.
for our different dust species, each one with a power law dis-
tribution in grain sizes with exponent −3.5. To compute the
full dust opacity and scattering matrices we made use of com-
plementary codes in RADMC3D and a code from Bohren &
Huffman (1983) for “Mie solutions” to scattering by homoge-
neous spheres. We used the optical constant tables for amor-
phous carbon grains from Li & Greenberg (1997), and for
silicate grains we used Henning & Mutschke (1997).
We implemented our model in RADMC3D using spheri-
cal coordinates, with regular spacing for the azimuthal angle,
and logarithmic spacing in radius and colatitude (polar coor-
dinate). Thus, the grid is naturally refined near the inner disk
and the midplane. The radial grid is additionally refined as it
approaches the inner wall of the outer disk (near 140 au) to
ensure a gradual transition from the optically thin gap to the
optically thick outer disk. We used 106 cells in total, half of
them covering the inner disk and gap, and the rest sampling
the outer disk. The number of points in the radial, azimuthal
and polar grid meshes is 100 each.
As proposed by Fujiwara et al. (2006), the Eastern side is
probably the far side since it is broader and brighter in the
thermal IR. This orientation also implies that the observed IR
spiral pattern is consistently trailing (Fukagawa et al. 2006;
Casassus et al. 2012; Canovas et al. 2013; Avenhaus et al.
2014), even in their molecular-line extensions into the outer
disk (Christiaens et al. 2014). Hence we calculated the syn-
thetic H-band images by inclining the system at 24 deg with
respect to the plane of the sky2, along a position angle (PA) of
–20 deg.
3. RESULTS
In order to constrain the PA of the inner disk and α, its
inclination with respect to the outer disk, we studied different
orientations while trying to reproduce the shape and position
of the nulls seen in scattered and polarized light. In Fig. 2
we summarize the radiative transfer predictions of 5 different
configurations. PAs much different from −8 are ruled out, as
2 the outer disk defines the plane of the system
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FIG. 2.— Impact of the inner disk orientation on the H-band light scattered off the outer disk. a: NACO-PDI H-band image from Avenhaus et al. (2014),
compared with the C18O(2-1) emission at systemic velocity from Perez et al. (2014). The C18O(2-1) emission, represented here as one white contour at 0.75
maximum, shows that the position angle (PA) of the outer disk is at -20 deg East of North, and perpendicular to the solid gray double-arrow, while the position
angle of the intensity nulls is indicated by the dashed double-arrow (−8 deg). b-f: Radiative transfer prediction for polarized intensity in H-band, for different
inner disk PAs (indicated in degrees on the plots), and for different relative inclinations α between the inner and the outer disks, such that the net inclination of
the inner disk is (–20+α) deg relative to the plane of the sky. The x− and y− axis indicate offset along RA and DEC, in arcsec.
even a PA of 0 (see Fig. 2e) displaces the southern shadow so
that it is inconsistent with the observations. In parallel, for low
and negative α, the inclination and orientation of the shadows
do not fit the shape of the nulls (see Fig. 2c&f). A qualitative
match with the observations is obtained with an inner disk
inclined at α = 70 deg relative to the outer disk, and along a
PA of −8deg (Fig. 2b). We can rule out configurations with
PAs beyond 10 deg of −8 deg, so that the 1 σ error bar is
about 5 deg. Likewise, the relative inclination is constrained
within 60 to 80 deg, so that the 1 σ error is also ∼5 deg.
An inner disk orientation along a PA of∼60◦ has been pro-
posed by Pontoppidan et al. (2011), based on long-slit spec-
troscopy of the CO 4.67 µm line, along with a purely Keple-
rian disk model. However, as illustrated in Fig. 2d, such an
orientation can be discarded from the H-band imaging. It is
possible that non-Keplerian kinematics may have biased the
orientation inferred from the ro-vibrational CO.
It is interesting that our models predict a peak H−band in-
tensity at the same position as in the observations, at ∼1.5h
(North-North-West). However, the second peak in the PDI
image to the North-East does not coincide with our radiative
transfer predictions. This can be due to an effect of fine struc-
ture in the outer disk, or to deviations from a perfect ring, or
to the stellar offset from the center of the cavity. These details
are beyond the scope of our model.
The width of the shadows in the outer disk is dominated by
the scale height of the inner disk, as it covers a wider solid
angle of the star. A more detailed study could lead to a better
constraint on the aspect ratio and flaring of the inner disk.
4. DISCUSSION
Warped disks are found in varied astrophysical contexts.
Galactic warps may be due to a misalignment between a
galaxy’s angular momentum and its surrounding dark matter
halo (Binney 1992) or by tidal encounters with nearby galax-
ies (Hunter & Toomre 1969). Christiaens et al. (2014) propose
that the two-armed spirals in the outer disk of HD 142527
might be indicative of a recent close stellar encounter (see
also Quillen et al. 2005). Although a flyby could also explain
the tilt between the inner and outer disks, no partner for such
a stellar encounter has been identified.
In the prototypical T-Tauri disk TW Hya, (Rosenfeld et al.
2012) proposed a warp to understand the sinusoidal (m = 1)
azimuthal modulation seen in HST images, as well as features
of the CO gas kinematics of the inner most regions. They
found that a standard Keplerian disk model was unable to ac-
count for the CO line wings and spatially resolved emission
near the central star, and explored 3 possible interpretations
to account for the observed kinematics: 1) scaling up the tem-
perature by a factor of three inside the cavity; 2) allowing
super-Keplerian tangential velocities near the star, and 3) in-
voking a warped disk model in which the line-of-sight disk
inclination increases towards the star.
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Dynamical interaction between circumstellar disks and
(proto)planets or sub-stellar companions may lead to warps
(Mouillet et al. 1997). In the β Pictoris debris disk, the in-
ner disk warp may have been dynamically induced by β Pic b
(Dawson et al. 2011), whose orbit is found to be aligned with
the inclined warped component (Lagrange et al. 2012; Chau-
vin et al. 2012).
A warped inner disk in HD 142527 bears consequences on
the physical conditions in the outer disk. The shadowed re-
gions in the outer disk behind and along the inner disk mid-
plane can be diagnosed in terms of temperature decrements
in sub-mm continuum imaging (Casassus 2015b). There are
other interesting consequences on the dynamics of the sys-
tem. A question arises as to the origin of this warped disk,
which is probably driven by the low-mass companion (Biller
et al. 2012; Rodigas et al. 2014; Close et al. 2014), although it
could also be linked with the disk-envelope interaction lead-
ing to the formation of the binary in the class I stage. Since
there is no apparent displacement of the shadows by compar-
ing the NICI images, acquired in June 2011, with the NACO
PDI from July 2012, we can exclude the possibility that the in-
ner tilt is precessing at a rate faster than ∼10 deg yr−1. Like-
wise, we can discard shadows cast by compact concentrations
of material in the very closest vicinity of the star.
The detailed scattered light images of HD 142527 avail-
able in the literature, coupled with state-of-the-art radiative
transfer tools, have allowed us to conclude on the three-
dimensional structure of the system by levering on the inner
disk shadows. The inner regions turn out to be warped, such
that its inclination relative to the outer disk is 70±5 deg, and
its PA is −8 ± 5 deg. This finding poses a challenge to un-
derstand the dynamics of the HD 142527 system, and is an
invitation to interpret scattered light images of gapped proto-
planetary disks from the perspective of inner warp shadows.
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